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Abstract 
The aim of the biomass gasification process is syngas production. It is a complicated chemical process during which fuel goes 
through pyrolysis, oxidation and reduction stages. Syngas composition and process behaviour depends on many different factors. 
Gasifier design, fuel properties and gasifier operation settings have dominant influence. This study presents a model to simulate
the gasification process and describe biofuel moisture effect on process efficiency. Biomass torrefaction possibilities before 
gasification process were investigated. Acquired heat from the syngas cooling was used for torrefaction process in the model. 
Results show that the total efficiency of the gasification process can be increased using biomass torrefaction. However, there is
some critical point of fuel moisture content when application of torrefaction process is reasonable.  
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1. Introduction 
Based on the EU renewable energy directive, the share of renewable energy use in the EU must increase from 8.5 
% in 2005 to 20 % by 2020. Greenhouse gas emission reduction is the main aim of this Directive. [1] Share of 
renewable energy varies in difference countries. Norway is one of the leaders where renewable energy exceeds 55 
%. But in the UK, Italy and Germany, the share is less than 10 %. In Latvia, the share of renewable energy in total 
gross of energy consumption must increase from 34.9 % in 2005 to 42 % in 2020. [2] 
* Corresponding author. 
E-mail address: vladimirs.kirsanovs@rtu.lv 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Riga Technical University, Institute of Energy Systems and Environment
330   Vladimirs Kirsanovs and Aivars Zandeckis /  Energy Procedia  72 ( 2015 )  329 – 336 
The growth of intensity of biomass use in energy production can help increase the share of renewable energy. 
Latvia is rich with various types of biomass. Forests covered 49.5 % of Latvia’s territory in 2014 based on data from 
the Central Statistical Bureau of Latvia. [3] Therefore, the main part of used biomass in the energy sector belonged 
to different types of wood fuel. A study done by Kirsanovs et al [4] analysed the wood pellet market in Latvia. 
Nowadays, the application of wood chips increases rapidly. The produced amount of wood chips increased by 13 % 
from the year 2012 to 2013. [5] The relatively low price of this fuel is one of the main reason for such increase. [6] 
Many different methods exist to convert biofuels to heat energy. Biomass gasification has high potential and 
many advantages in biofuel conversion to produce energy. Biomass gasification is a complicated chemical process 
during which fuel goes through pyrolysis, oxidation and reduction stages. Syngas production is the result of the 
gasification process. Biomass gasification produces lower amounts of emissions compared to combustion. Almost 
all types of biomass, including wood fuel with high moisture, agriculture residues and even municipal waste can be 
used for the gasification process. [7] 
Gasifier design, fuel properties and gasifier operation settings have complex and mutual influence on the 
gasification process. Depending on the reactor type, such parameters as temperature in the reactor and produced gas 
temperature, optimal amount of gasifying agent, fuel properties and others vary. Moving bed reactors and, 
especially, downdraft gasifiers are frequent uses for biomass gasification with low thermal input less than 1 MW. 
Syngas flow is downdraft, passes through high temperature zone and leaves from the upper part of the gasifier. 
Therefore, tar content in syngas from the downdraft gasifier is relatively low [8]. 
The amounts of gasifying agent and produced gas composition have strong correlation. Equivalence ratio is 
defined as the amount of the actual oxygen amount to the stoichiometric amount of oxygen. Optimal equivalence 
ratio can vary for different gasifier types, but typically it lies between 0.2 and 0.3. There are many researches done 
where effect of the equivalence ratio on the gasification process is shown and described [9–12].  
Fuel properties have a strong effect on the gasification process. There are some research studies where the impact 
of different fuel properties on the gasification process are described [13–15]. However, fuel moisture has the 
dominant impact on the gasification process [16–19]. There is no interdiction of fuel use with high moisture content. 
However, moisture content of the fuel above 30 % and higher makes fuel ignition difficult and has a negative effect 
on the syngas calorific value [20]. 
Different methods of wood chips use in the gasification process were examined and analysed to determine the 
optimal scenario. The moisture content of wood chips typically can vary strongly in a range from 10 % to 40 %. 
Firstly, it was decided to create a model to simulate the gasification process and to determine the biofuel moisture 
effect on the gasification process. An alternative scenario of use of wet wood chips in the gasification process was 
analysed as well. The scenario suggests to use acquired heat from syngas cooling for the fuel drying and 
torrefaction.  
Torrefaction is thermochemical process carried out in a temperature range of 230 to 300 °C in the absence of 
oxygen. Energy density growth and reduction of oxygen to the carbon ratio are the aim of the torrefaction process. 
The torrefaction process promotes water removal from the fuel. Decrease of thermodynamic losses during the 
gasification process was achieved in the result. Biomass structure modifies during the torrefaction process. Fuel 
reduction becomes easier, and the gasification process is more effective as a result. Syngas heating value increases 
using torrefied fuel. However, there are some torrefaction disadvantages as well. Some energy reduction from the 
fuel occurs during the torrefaction process. The torrefaction process and result primarily depends on time and 
temperature [8, 21–23]. 
2. Model description 
Hydrodynamics as well as kinetics reactions were considered to predict the overall performance of a biomass 
gasification process. Biomass gasification model was created based on specific gasification conditions such as 
gasifier design, operation conditions and fuel properties. Some constant parameters and process conditions were 
determined:  
x Producer gas comprises only CO2, CO, H2, CH4, N2 and H2O;
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x All reactions are at thermodynamic and chemical equilibrium; 
x Fuel and ambient temperatures are constant; 
x No nitrogen pollutants (NOx, N2O) were present. 
Model describes gasification process for the downdraft reactor of a throated gasifier. In general it was decided to 
create a model for the gasifier with thermal capacity of 500 kW. Air was used as gasifying agent for model, because 
this type of gasification systems is more popular in Latvia, where gasifiers with thermal capacity under 1 MW 
dominate. Equivalence ratio 0.25 was chosen and used in the model.  
The biomass and air flows are input parameters of mass balance in the model. Biomass flow consists of biomass 
consumption on dry ash free basis, mass of the water contained in the biomass and amount of ash. The ash and 
produced gas are the output parameters of the model. The water produced in the process from the biomass fuel must 
be separated from the other produced gas component in the model.  
Majority of energy is injected to the gasifier by fuel heating value. Some energy is entered by fuel and air 
enthalpy. The model calculates the produced gas heating value and sensible heat which are dominant output energy 
flows. However, there are always some energy losses from the gasification process. Energy losses consist of the 
power loss regarding the chemical and sensible energy from the ashes, power loss from the system to the 
surroundings and power related to the moisture biomass vaporization and its sensible heat. Model calculated total 
amount of energy losses but did not divide them into groups.  
Fuel with constant properties was used in this model. Main fuel parameters such as chemical and ash content 
were taken from EN 14961-1:2010 “Solid biofuels – fuel specifications and classes – Part 1: general requirements” 
standard [24]. Standard presents typical values of different fuel properties for various biofuel types. Values for wood 
from forest with or without bark were taken, because they can be similar to typical wood chip properties. 
In general, to determine fuel moisture effect on the gasification process, the model calculated such parameters as: 
amount of produced syngas, heating value of the syngas, cold gas or gasifier efficiency, specific heats and enthalpy 
of each syngas component, total thermal energy, hot gas efficiency, amount of moisture and other parameters.   
The model was validated with equilibrium model of Zainal et al. [18], Barman et al. [25] and Jayah et al. [26]. 
Fuel chemical composition, moisture content and equivalence ratio were similar with other studies in validation. The 
comparison result is presented in Table 1. Validation shows that with the model, the acquired results were at close 
range with results from others models. Therefore the present model can be successfully used. 
Table 1. Validation of the present model 
Biomass 
composition  
Biomass 
moisture ER
Syngas composition 
CO CO2 CH4 H2 N2
Model of Zainal et al [16] 
CH1.44O0.66 20 % 0.36 
19.6 12.0 0.64 21.1 46.7 
Present model 20.9 11.75 0.82 19.6 46.2 
Model of Barman et al [24] 
CH1.56O0.62 14 % 0.39 
20.0 10.4 0.31 14.0 56.6 
Present model 22.4 9.03 0.31 18.1 50.2 
Model of Jayah et al [25] 
CH1.54O0.63 16 % 0.40 
20.2 9.7 1.1 18.3 50.7 
Present model 21.6 9.63 0.28 17.7 50.8 
Some amount of the obtained heat from syngas cooling was sent to the wood chip drying and torrefaction process 
in the alternative scenario. The process organisation, the necessary amount of energy, changes in the biomass 
chemical composition, as well as mass and energy losses were taken from the study done by M.J.C. van der Stelt et 
al [27]. Research presents a review of biomass upgrade methods by torrefaction. Different operation conditions 
effect on the torrefaction process are presented and described.  
One of more frequently used methods provides torrefied biomass at temperature 250°C during 30 minutes. The 
total energy requirement is 2046 kJ for 1 kg biomass torrefaction. This amount does not contain energy for biomass 
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drying. 2256 kJ is a standard amount of energy requirement for 1 kg water evaporation. This amount of energy was 
taken for calculation in the model. During torrefaction process the biomass lost 13 % of its original mass due to 
carbon dioxide, acetic acid and other material. Torrefaction process affects fuel composition. Fuel chemical 
composition changes are: carbon content increase by 9 %, but hydrogen and oxygen content decrease by 3 % and 9 
% respectively. Table 2 presents typical and torrefied wood properties which were used in the model. [27] 
Table 2. Typical and torrefied biomass properties [27] 
 Typical wood chips Torrefied wood chips 
Carbon 51.0 55.3 
Hydrogen 6.30 6.09 
Oxygen 42.3 38.3 
Nitrogen 0.10 0.13 
Sulphur 0.02 0.02 
Ash 0.30 0.35 
3. Results 
The gasification process was simulated using the described model with five different moisture contents of the 
fuel for the basic scenario. Figure 1 shows the effect of fuel moisture content on syngas composition. Syngas 
composition values at moisture content 0 % which are not conjunct with other points, represent syngas composition 
from torrefied wood chips.  
Fig. 1. Influence of fuel moisture on the syngas composition 
Fuel moisture content growth has a positive effect on the methane content in syngas. Methane content grows 
from 1.72 % at fuel moisture content 0 % to 5.27 % at moisture content 40 %. Moisture content increase has a 
positive effect on the supercritical water gasification process and gas shift reaction in the gasifier. Therefore, 
hydrogen content increase was determined. However, H2 increase reached 20% due to the fuel moisture content and 
then started to go down. Temperature in the gasifier reactor decreases with fuel moisture content growth. There is 
some critical point when temperature in the reactor is too low and intensity of hydrogen production goes down.  
The fuel moisture content increase has a negative effect on the CO content. CO content decreases sharply from 
30.5 % to 6.20 % due to the moisture content going up, and the temperature decrease in the gasifier reactor is one of 
the reasons for this. CO2 content in the syngas goes up from 5.63 % to 19.23 % with moisture content growth. The 
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fuel moisture content has a dominant effect on vapour quantity in the produced gas. The amount of vapour goes up 
10 times from 1.80 % at biomass moisture 0 % to 17.4 % at moisture content 40 %.   
Syngas produced from torrefied fuel gasification has higher carbon monoxide and methane concentration. Lower 
vapour content was also achieved using torrefied fuel. However, hydrogen content was also lower and the lower 
amount of hydrogen in the biomass content is one of the main reasons for this. 
The heating value of syngas goes down from 5.97 MJ per Nm3 to 3.70 MJ per Nm3 due to the increase in fuel 
moisture content (see Fig. 2.). The CO content in the syngas composition decrease is the main reason for this 
occurence. The increase of moisture in the product gas composition is another cause of syngas heating value 
decrease. The heating value of syngas produced from the torrefied biomass gasification is higher by about 6.43 MJ 
per Nm3. The necessary fuel consumption was calculated based on the gasifier thermal capacity of 500 kW. The fuel 
consumption go up from 103 kg to 116 kg due to the fuel moisture content increase since the heating value of 
syngas goes down. The lower the heating value of syngas, the higher the fuel consumption. Only 94.1 kg of torrefied 
fuel per hour is necessary to reach the gasifier capacity of 500 kW. 
Fig. 2. Effect of fuel moisture on the syngas heating value 
The cold gas or gasifier efficiency similarly to hot gas efficiency goes down with fuel moisture content increase 
(see Fig. 3). Cold gas efficiency is 65.4 % for dry fuel and 52.7 % at high fuel moisture content. Fuel moisture 
content has a negative effect on carbon conversion efficiency. The carbon monoxide content decrease and vapour 
amount growth with fuel moisture content increase also have a negative effect on cold gasifier efficiency.  Hot gas 
efficiency is higher than cold gas by 8 % for dry fuel and by 8.5 % at fuel moisture content 40 %. Hot gas efficiency 
includes not only syngas heating value, but also syngas physical energy which is taken from produced gas due to the 
cooling process. The cold gas and hot gas efficiency of gasification process of the torrefied biomass are higher and 
are 75.1 % and 83.2 %, respectively. Higher carbon monoxide and methane concentration as well as lower vapour 
content in produced gas are the main reasons for this.  
334   Vladimirs Kirsanovs and Aivars Zandeckis /  Energy Procedia  72 ( 2015 )  329 – 336 
Fig. 3. Cold and hot gas efficiency and efficiency of the gasification process depending from fuel moisture content 
Figure 4 presents hot gas efficiency of the gasification process for basic and alternative scenarios. Basic scenario 
presents hot gas efficiency of the biomass gasification fuel with moisture content of 10 %, 20 %, 30 %, 40 % and for 
dry fuel. The biomass with similar moisture content was used for the alternative scenario. The amount of used fuel 
was similar with basic scenario and is presented in Figure 2. Firstly, biomass goes to the drying and torrefaction 
process and then to gasification. This is the main difference between the scenarios.  
Fig. 4. Hot gas efficiency of the gasification process for basic and alternative scenario 
Changes in the hot gas efficiency for the basic scenario were already describedearlier. Hot gas efficiency for the 
alternative scenario also goes down with fuel moisture content growth. However, decrease in efficiency is not so 
sharp and the difference is only 2 %. The chemical composition and heating value of syngas produced from the 
torrefied biomass are similar. The higher the fuel moisture, the higher the mass losses after water evaporation and 
torrefaction. Therefore, the amount of produced syngas and amount of the sensible energy of syngas decrease. This 
is the main reason for hot gas efficiency decrease for alternative scenario due to the fuel moisture content increase. 
The hot gas efficiency shows higher value for the basic scenario with biomass with low moisture content. The 
situation changes conversely when fuel moisture reaches 20 %. Therefore, biomass upgrade by torrefaction before 
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the gasification process can be successfully used for biomass with moisture 20 % and higher. The higher value of 
total amount of syngas chemical and sensible energy relation to injected energy with fuel can be achieved. 
4. Conclusions 
The thermochemical equilibrium model was used for biomass gasification process analysis and comparison. The 
model describes the gasification process for a downdraft gasifier. Wood chips with constant composition were 
chosen as fuel. Air was used as the gasifying agent. Gasifier was operated with equivalence ratio 0.25 to get more 
complete gasification processes. Model calculates such parameters as produced syngas volume, heating value, 
vapour content in the syngas, amount of fuel and others. Cold and hot gas gasification efficiencies were determined.  
Gasification process was simulated with different fuel moisture using the model. Fuel moisture influence on the 
syngas composition was determined. Fuel moisture growth has a positive effect on the hydrogen and methane 
amount in the syngas, but carbon monoxide amounts go down sharply with moisture increase. Fuel moisture growth 
promotes the amount of water vapour going up, but carbon conversion efficiency and temperature in the reactor goes 
down. The syngas heat value goes down as a result from 5.97 MJ per Nm3 to 3.70 MJ per Nm3. Cold and hot gas 
efficiency is 65.4 % and 73.4 % for dry biomass and goes down to 52.7 % and 61.2 % respectively at moisture 
content 40 %.  
The alternative scenario of wet biomass use for gasification process was investigated. Wood chips with different 
moisture content go to torrefaction process. Acquired heat from the syngas cooling process was used for torrefaction 
process. Results show that gasification process hot gas efficiency can be increased for biomass with moisture 
content 20 % and more. Energy requirement for torrefaction is too high for wood chips with low moisture content. 
Therefore, increase of syngas heating value cannot replace these losses and total efficiency is lower than in the basic 
scenario.  
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